One sentence summary: Many 'buffer genes' affect rDNA stability and cellular senescence.
INTRODUCTION
The maintenance of genome stability is critical to ensure cellular growth. Genome stability is most frequently compromised during DNA replication in the S phase of the cell cycle, because replication forks are stalled by various types of replication roadblocks on the template DNA (Mirkin and Mirkin 2007; Branzei and Foiani 2010) . The failure to respond properly to replication fork stalling can lead to the formation of a DNA double-strand break (DSB) (Branzei and Foiani 2010) . Although the mechanisms that repair DSBs at stalled forks are not understood in all detail, it is believed that they are repaired by homologous recombination. DSB repair using the identical sequence on the sister chromatid, referred to as equal sister chromatid recombination, restores the original DNA sequence. When DSBs are formed within repeated sequences, however, DSBs can be repaired by unequal sister chromatid recombination in which recombination takes place between misaligned repetitive elements. Unequal sister chromatid recombination associated with crossing over results in rearrangements of the genome structure, such as gain or loss of a number of repetitive elements, and compromises genome stability. Stalling of the replication fork occurs rather randomly across the genome, making it difficult to study the molecular mechanisms that link inhibition of replication to genome instability.
The ribosomal DNA (rDNA) is known to be the most recombinogenic region in the genome (Kobayashi 2006 (Kobayashi , 2011 (Kobayashi , 2014 . The rDNA consists of more than 100 copies, which are tandemly arrayed at a single locus on chromosome XII in budding yeast or at multiple loci in other eukaryotic genomes. The rDNA is heavily transcribed in order to meet the demand of ribosomal RNA required for protein synthesis. DNA replication can interfere with ribosomal RNA transcription, if not properly regulated. Cells have thus evolved mechanisms to halt replication fork progression, which can potentially lead to the formation of DSBs and initiate homologous recombination. Due to the repetitive nature of the rDNA region, unequal sister chromatid recombination in rDNA leads to copy number changes, which can be detected by analyzing the size heterogeneity of the rDNA-bearing chromosome by pulsed-field gel electrophoresis (PFGE) (Kobayashi et al. 1998) . Therefore, the rDNA presents a good model system to study how cells respond to replication fork stalling and to DSBs at stalled forks and how they regulate equal and unequal recombination.
To gain a better understanding of the mechanisms that maintain genome stability in response to replication fork arrest, we performed a genome-wide screen to search for rDNA unstable mutants, using a yeast gene knockout collection and isolated ∼700 mutants that exhibit rDNA instability (Saka et al. 2016) . We call these mutants ribosomal RNA gene unstable mutants (RiUMs). In this review, we discuss how such a large number of genes can contribute to rDNA stability.
Programmed replication fork arrest and rDNA recombination
Programmed replication fork arrests occur in rDNA regions of all eukaryotes examined, including budding and fission yeasts, Tetrahymena thermophila, Xenopus laevis and humans (Mirkin and Mirkin 2007 ). Here we discuss programmed replication fork arrest in the rDNA of budding yeast (Brewer et al. 1992; Kobayashi et al. 1992) . Each rDNA copy contains 35S and 5S ribosomal RNA transcription units, which are separated by two intergenic spacer regions, IGS1 and IGS2 ( Fig. 1 ): IGS1 contains an origin of DNA replication (rARS) and IGS2 contains the replication fork barrier (RFB) site and a bidirectional RNA polymerase IIdependent promoter, E-pro, that can drive transcription of noncoding RNAs.
In the S phase of the cell cycle, replication is initiated bidirectionally from a subset of the rARSs (Fig. 2B ) (Brewer and Fangman 1988) . However, one of the forks, which moves against the direction of 35S rDNA transcription, is arrested by the protein Fob1 bound at the RFB site (Kobayashi 2003) . Subsequently, DSBs can be induced on the leading strand (Weitao et al. 2003; Burkhalter and Sogo 2004; Kobayashi et al. 2004) . It remains to be determined how these DSBs are repaired but it is believed that their repair involves a mechanism linked to homologous recombination, as DSB repair can be accompanied by rDNA copy number changes in a manner mainly dependent on the homologous recombination protein Rad52 (Kobayashi et al. 2004) . When the broken end is repaired by equal sister chromatid recombination using the copy at the same location on the sister chromatid, DSB repair does not lead to a change in the rDNA copy number (Fig. 2) . When the broken end invades into the misaligned sequence on the sister chromatid or into another copy on the same chromosome, DSB repair results in amplification or deletion of rDNA copies (Fig. 2) .
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Figure 1. Structure of rDNA in budding yeast. The rDNA repeats are located at a single locus on chromosome XII as a tandem array. Each 9.1-kb repeating unit has 35S and 5S rRNA genes and two intergenic spacer regions, IGS1 and IGS2. The 35S rRNA is processed into three mature rRNA species (25S, 5.8S, 18S rRNA). An origin of replication (rARS) and the RFB site are indicated. Fob1 binds to the RFB and arrests replication forks in a polar fashion (the rightward fork is inhibited in this figure) . E-pro is a bidirectional promoter for non-coding transcripts and is regulated by Sir2.
Factors that influence replication fork arrest, subsequent DSB formation and DSB repair will have an impact on the frequency of rDNA copy number changes and thus rDNA stability. When the number of rDNA copies is reduced to almost half (∼80) the normal number, cells gradually undergo rDNA expansion and eventually reach the normal rDNA copy number in a process referred to as gene amplification (Kobayashi et al. 1998) . Gene amplification is dependent on Fob1 that is required for replication fork arrest (Kobayashi et al. 1998) and could contribute to rDNA copy number maintenance. Sir2, a NAD + -dependent histone deacetylase, is a regulator that suppresses unequal sister chromatid recombination, as cells lacking Sir2 undergo gross expansion and contraction of rDNA arrays. Sir2 influences equal or unequal recombination by inhibiting non-coding transcription from the E-pro (Kobayashi et al. 2004; Kobayashi and Ganley 2005) . Sir2-mediated repression of the E-pro allows cohesin to associate at the broken end and to hold the sister chromatid, which promotes equal sister chromatid recombination. In contrast, when gene amplification is required, that is, when the rDNA copy number is reduced, Sir2 expression is repressed and E-pro transcription is activated (Michel et al. 2005; Haeiwa et al. in preparation) . Transcription from the E-pro removes cohesin from the DSB and this enables unequal sister chromatid recombination. Thus, in rDNA recombination, Fob1 triggers the induction of DSBs, and Sir2 and E-pro regulate the selection of the donor segment used for repair.
A genome-wide screen to identify rDNA unstable mutants
About 4800 mutant strains of a yeast deletion library in which all the non-essential genes are individually disrupted (Wach et al. 1994; Giaever et al. 2002) were patched from their glycerol stock (YKO MATa #R123) onto rich medium. Cells from these patches were grown overnight in liquid-rich medium in 96-well plates, and genomic DNA was prepared in agarose gel plugs. Chromosomes were separated by PFGE (Saka et al. 2016) and chromosome XII was analyzed in detail by Southern blotting. As ∼60% of chromosome XII is occupied by rDNA, variation in rDNA copy number alters the length of this chromosome. Mutants exhibiting rDNA instability, for example, the sir2 mutant, undergo frequent rDNA copy number changes (Kobayashi et al. 2004) . In cell populations of such mutants, chromosome XII becomes very heterogeneous in size and migrates as a smear in the gel. In cell populations of mutants with stable rDNA, however, the band for chromosome XII appears more discrete. According to the level of heterogeneity in chromosome XII, all the mutants were classified into four ranks (Table 1A) , where those with stable rDNA similar to wild type were placed in Rank 2 and those with very unstable rDNA similar to the sir2 mutant were placed in Rank 4 (Saka et al. 2016) . We also classified mutants according to the length (size) of their chromosome XII (Table 1B) . All experimental data (agarose gels stained with ethidium bromide and Southern blots hybridized with a rDNA-specific probe) have been organized in the Yeast rDNA Stability (YRS) Database accessible at http://lafula-com.info/kobayashiken/ geldata/index.php (Fig. 3) . The website provides a search facility that allows retrieval of data for mutants of the gene(s) of interest (e.g. TOP1) (Fig. 3A) . Information on rDNA stability (Rank), rDNA copy number (Class), gel number, and (when available) replicative lifespan and other chromosome abnormalities will be shown for the deletion mutant of the gene(s) searched (Fig. 3B) . For easy retrieval of more detailed information, the gene and ORF names are linked to the Saccharomyces cerevisiae Genome Database (SGD), which will open in a separate tab/window. The gel number under 'gel (plate/row/column)' provides a link to a picture showing the gel stained with ethidium bromide and corresponding Southern hybridization data (Fig. 3C ). One can also retrieve genes of a particular rank of 'rDNA stability' or class of 'rDNA copy number'. For example, a search with '4' put in the 'rDNA stability' field gives the list of 43 genes whose mutants are in Rank 4. The results can be sorted and downloaded as a CSV-formatted text file that can be imported into Excel or any other spreadsheet application.
Buffer genes for rDNA maintenance
As shown in Table 1A , 708 mutants including mutants in Ranks 3 and 4 are categorized as RiUMs, as they displayed a greater size heterogeneity of chromosome XII than wild type (Saka et al. 2016) . To our surprise, only 60% of these RiUM genes are annotated in the SGD to be involved in the maintenance of genome stability, such as 'DNA recombination', 'DNA repair', 'DNA replication', 'histone modification', 'regulation of DNA metabolic process' and 'cellular response to DNA damage stimulus'. Thus, the remaining genes may be required for rDNA stability, despite the fact that their annotated function appears unrelated to stabilizing genomic integrity. We call the genes mutated in these mutants 'buffer genes for genome maintenance' and proteins encoded by these genes 'buffer proteins'. The buffer proteins do not need to be localized in the nucleus. Buffer proteins include proteins that are involved in the reduction of reactive oxygen species (ROS) and are localized in mitochondria and the cytoplasm. For example, the deletion mutant for SOD1, a superoxide dismutase that is localized in the mitochondrial membrane and known to reduce ROS (Bermingham-McDonogh, Gralla and Valentine 1988) , is placed in Rank 3. In addition to mitochondrial proteins, we identified several buffer proteins involved in autophagy and with a vacuolar function, for example, the mutant lacking Vma1, which is of Rank 3. Vma1 is a vacuolar H + -ATPase involved in the maintenance of vacuolar pH (Hirata et al. 1990) and is related to proper functioning of mitochondria and to senescence (Hughes and Gottschling 2012) . Buffer proteins may be important to maintain rDNA stability by maintaining cytoplasmic homeostasis, which supports mitochondrial functions, helps to reduce ROS or prevents other factors to damage the rDNA (Fig. 4) . It would be interesting to confirm rDNA instability in cells lacking buffer proteins and identify how these buffer proteins contribute to the maintenance of rDNA stability and genome stability in future work.
rDNA instability is correlated with other chromosome abnormalities
Our PFGE analysis also revealed 28 mutants that exhibit abnormalities in the second largest chromosome, chromosome IV. Among these mutants, 12 (43%) have unstable rDNA, which is much higher than that of RiUM (14%). Chromosome IV contains several retrotransposons (Ty elements), which are known to be hotspots for recombination (St Charles and Petes 2013) . Thus, these mutants may be defective in common pathways that prevent rearrangements of rDNA arrays as well as other chromosomal regions.
rDNA instability and multiplication of chromosome XII
In our previous screen, we found by Southern hybridization 219 mutants that have more than one band of chromosome XII (to obtain from the YRS Database a list of mutants displaying multiple copies of chromosome XII, enter a comma (',') into the 'rDNA copy number' field). As it is the largest chromosome with highly repetitive regions, chromosome XII is likely to be very vulnerable to aberrant cell division. It should be noted that we did not isolate genomic DNA from cultures inoculated with a single colony. Therefore, we cannot exclude the possibility that the analyzed genomic DNA was derived from a mix of subpopulations with different rDNA length. However, when we checked the genomic DNA of populations derived from a single colony for a number of genes we obtained results that was generally in line with our classification (see below and Fig. 5 ).
In about half (45%) of the mutants that showed multiplication of chromosome XII, each of the chromosome XII bands was heterogeneous in size and these mutants are classified as RiUM. Some of these genes are involved in processes that lead to a change in cell morphology, such as invasive growth, pseudohyphal growth, cytokinesis and conjugation. Interestingly, it is known that aneuploidy affects cellular physiology (Torres et al. 2007; Oromendia, Dodgson and Amon 2012) , and that aneuploidy reduces genome stability and lifespan (Sheltzer et al. 2011; Sunshine et al. 2016) , which could explain the retrieval of mutants that are affected in chromosome multiplication and rDNA stability. Although it is difficult to detect aneuploidy in chromosomes smaller than chromosome XII and IV by the methods we used here, there may be an intimate relationship between aneuploidy and rDNA instability.
An aging signal from unstable rDNA
Genome instability is known to affect cellular senescence (replicative lifespan) in yeast and mammalian cells (Ellis et al. 1995; Yu et al. 1996; Park, Defossez and Guarente 1999) . Because rDNA is the most unstable region in the genome, its instability could be a major source of a putative aging signal that inhibits cell division. Indeed, mutations that alter rDNA stability also influence replicative lifespan. When cells lack Fob1, the protein required for replication fork arrest at the RFB, cells do not undergo rDNA copy number changes and, compared to wild-type cells, acquire an extended replicative lifespan Takeuchi, Horiuchi and Kobayashi 2003) . In contrast, cells lacking Sir2 show frequent rDNA copy number changes and have a shorter replicative lifespan than wild type (Kaeberlein, McVey and Guarente 1999) . These results suggest that rDNA stability is correlated with replicative lifespan.
Replicative lifespan is also influenced by the activity of the non-coding promoter, E-pro, which also affects rDNA stability (Kobayashi 2008; Ganley and Kobayashi 2013) . We previously constructed a strain where the E-pro was replaced with the inducible Gal1/10 promoter. When non-coding transcription was activated by growing cells in the presence of galactose as a carbon source, rDNA stability was reduced, along with shortening of replicative lifespan. In contrast, when non-coding transcription was repressed by growth in the presence of glucose, cells had very stable rDNA and an expanded lifespan, supporting the hypothesis that there is a correlation between rDNA stability and lifespan ). An observation that also suggests a relationship between rDNA and cellular senescence has been reported for mouse (Flach et al. 2014) . Hematopoietic stem cells from old mice, which were known to show degraded blood production and impaired engraftment following transplantation, were found to have replication stress in their rDNA.
In line with above hypothesis, the yeast RiUMs are expected to have a shorter lifespan. In fact, out of seven mutants in Rank 4 whose replicative lifespan has been measured, five have a shorter lifespan (Saka et al. 2016) . Two of them, however, have a normal lifespan, indicating that the genes deleted in these mutants could be the sensor or transducer of the aging signal that links rDNA damage to cellular senescence, according to the rDNA theory for aging (Kobayashi 2008) . One of these factors is Dpb4, a subunit of DNA polymerase ε (Pol ε) that synthesizes the leading strand during replication (Pursell and Kunkel 2008) . Interestingly, a Rank 3 mutant lacking Mrc1, a factor that is also associated with Pol ε and stabilizes stalled replication forks (Saka (Feser et al. 2010) . It should be noted that rDNA instability of mrc1 and dpb4 mutants is not as severe as observed in our screen when these are constructed de novo in a yeast background that is different from the one used in the yeast knockout collection (Saka et al. 2016) . We do think, however, that leading strand synthesis could link rDNA stability to lifespan. As breakage of the leading strand template is known to result in a DSB at the RFB site (Weitao et al. 2003; Burkhalter and Sogo 2004; Kobayashi et al. 2004) , the broken end and/or the process of its repair may be related to the production of an aging signal (Saka et al. 2016) .
Copy number of rDNA is highly regulated
It is known that each organism maintains a particular number of rDNA copies. For example, in a human cell there are ∼350 copies of rDNA and cells of the plant Arabidopsis thaliana have ∼570 copies (Pruitt and Meyerowitz 1986; Sakai et al. 1995) . In the budding yeast, the rDNA copy number is normally maintained at around 150 (Kobayashi et al. 1998) . Our screen also revealed the rDNA copy number of each mutant, which ranged widely from 40 to 450 copies. However, ∼95% of them had a number of 80-200 rDNA copies, which was considered normal and classified as Class 2. The rDNA copy number in budding yeast changes frequently due to deletional recombination and subsequent gene amplification, as described above. For example, a low copy number could reflect a state of recovery after a large deletion. Recently, Kwan et al. (2016) reported that the lithium acetate treatment for transformation is a trigger of spontaneous rDNA copy number changes. Still, it cannot be ruled out that some mutants may be deficient in gene amplification or in sensing the rDNA copy number.
In terms of high-copy number mutants, we speculate that they may lose the ability to stop rDNA amplification after reaching the wild-type copy number. We found 44 mutants with a rDNA copy number higher than 450 (Class 4), which is three times higher than that of the wild type (Ide, Saka and Kobayashi 2013) . Of these, 36 mutants have unstable rDNA (of Rank 3). The rDNA instability on one hand will lead to frequent cycles of deletion and repair by gene amplification and when the latter, on the other hand, is less controlled, the rDNA copy number will become higher in the long run. Alternatively, in some high-copy strains a different amplification system is used that can no longer be controlled. For example, RTT109 codes for a histone acetylase (HAT) that is involved in recombination and repair (Driscoll, Hudson and Jackson 2007; Endo et al. 2010) . In absence of this HAT, cells use a unique rolling circle type of gene amplification, resulting in a rapid increase in rDNA copy number (Ide, Saka and Kobayashi 2013) . Another interesting set of hyperamplification mutants (of Class 4) are carrying deletions of POP2, CCR4 or DHH1, which are components of the Ccr4-Not complex (Collart 2016) . This complex contributes to the regulation of rDNA transcription (Laribee et al. 2015) . Therefore, in these mutants, more rDNA copies could be needed.
Practical limitations of the YRS Database
To test the stability and copy number of rDNA in all of ∼4800 mutants, we grew cultures inoculated with cells coming from a patch of cells but not from a single colony isolated from the stock in our screen. Thus, if these cells stem from a mix of subpopulations that carry different rDNA copy numbers, chromosome XII bands of different sizes may merge and appear as a smeared band. In addition, because it takes 68 h to separate chromosomes in our PFGE analysis, we used a comb with the thinnest teeth so that 40 genomic DNA samples could be run on one gel. Usage of this comb may have reduced the sharpness of the chromosome XII band. Apart from strain differences, these experimental decisions could have lead to missqualification of RiUM mutants and that outcomes of large-scale analyses can differ, as exemplified by Kwan et al. (2016) . To check the quality of our database and the reproducibility of our ranking and classification method, we repeated the rDNA stability assay for Rank 4 mutants by PFGE using the latest version (copy#R308) of the deletion library. This time, we isolated genomic DNA from three independent cultures that were inoculated with a single colony, checked the gene disruption by PCR and used for the electrophoresis a comb with wider teeth. An example of the results is shown in Fig. 5 . For 5 out of 43 mutants tested, the genes had not been properly disrupted. For 9 mutants out of the remaining 38, the rDNA was not as unstable as observed in our original screen (cbc2, ssz1, egd2, ham1, ktr5, sdc1, bre1, rps27b, yhl015w-a in Fig. 5 ). Because chromosome XII in each colony of these mutants had a different size, a mix of colonies would result in a smeared band and misclassification, which has been corrected for the current version of the YRS Database. Although the variation between these subpopulations seems to be related to rDNA instability, their phenotypes are distinguishable from those in sir2, rad27, vps64, rad6, rrm3, dia2, vid22 or cac2 in which the rDNA bands are really smeared (Fig. 5) . Therefore, when experiments are based on the data provided by the YRS Database, especially in the case of rDNA unstable mutants of Ranks 3 and 4, we recommend to verify the phenotype by testing several single colonies purified from the library stock. Moreover, disrupting the gene(s) of interest in a different genetic background or in a diploid followed by the isolation of the haploid, mutant progeny will increase reliability of the phenotype.
CONCLUSION
As the largest repetitive region in the genome, rDNA is the best locus to monitor genome instability. In fact, many researchers have used the rDNA to detect genome instability because it is unstable in nature and changes in rDNA are easy to be detected. Moreover, the instability itself does not interfere with cell growth and viability apart from replicative lifespan. Therefore, it should be a good idea to collect the knowledge on gene mutations that affect rDNA stability in a database.
The YRS Database suggests many genes that could contribute to the maintenance of an integer yeast genome. Practical limitations, as described above, require that these candidates need further analysis to ascertain such a role. Still, it is definitely a possibility that more genes than expected are involved in genome maintenance. We will continue to update the YRS Database during our study of genome integrity and hope that it will help other researchers in this field.
